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A three-dimensional magnetic resonance (MR) renographic method to measure single kidney glomerular filtration rate (GFR) and split renal function was developed that is based on renal signal intensity measurements during 2-3 minutes after intravenous injection of a low dose (2 mL or 0.01 mmol/kg) of gadopentetate dimeglumine. In nine subjects, single kidney MR GFR indices correlated well with technetium 99m ( 99m Tc) diethylenetriaminepentaacetic acid (DTPA) clearance (r ϭ 0.7-0.8) for GFR values of 7-48 mL/min. MR right kidney split renal function values (range, 32%-59%) also correlated well with 99m Tc-DTPA radionuclide measurements (r ϭ 0.76); differences between the two methods averaged 0.8% Ϯ 8. MR renography was performed along with contrast material-enhanced MR imaging of the kidneys and renal arteries and added 8 minutes or less to the total examination time. © 
RSNA, 2003
Magnetic resonance (MR) imaging studies of the kidneys and renal arteries are increasingly commonly performed clinical examinations. For many of the patients referred, such as renal transplant donors and recipients, patients suspected of having renovascular disease, and pediatric patients with renal dysfunction, the quantification of renal function could provide useful information supplemental to that of anatomic MR imaging. Of the tests available to measure renal function, the serum creatinine level, the most widely used test, is a relatively insensitive measure of diminished glomerular filtration rate (GFR) and provides information only about global renal function and not about individual kidney GFR. Single kidney clearance measurements of glomerularly filtered substances such as inulin are considered the most accurate for determining single kidney GFR; however, sampling methods are invasive and not feasible in the clinical setting.
Instead, radionuclide methods that use radioactive tracers such as technetium 99m ( 99m Tc) diethylenetriaminepentaacetic acid (DTPA) have been implemented for determining single kidney GFR clinically.
99m Tc-DTPA is freely filtered at the glomerulus without tubular secretion or resorption, and in 1982, Gates (1) demonstrated that the uptake of 99m Tc-DTPA by each kidney during 2-3 minutes after intravenous injection was directly proportional to GFR. The scintigraphic method has the advantage of noninvasively providing information about single kidney function, but because of its reliance on absolute gamma camera counts, scintigraphy also has the disadvantages of requiring calibration on each imaging system and appropriate attenuation and background correction (1, 2) .
We investigated an approach for the measurement of single kidney function with MR imaging and gadopentetate dimeglumine. As a consequence of its high T1 relaxivity, gadopentetate dimeglumine can be used in tracer quantities for high spatial resolution dynamic imaging of the kidneys, an approach termed MR renography (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . We implemented a fast interpolated three-dimensional (3D) sequence to allow imaging of the aorta and both whole kidneys in 3 seconds with a voxel size of 2.9 ϫ 1.5 ϫ 3 mm. By using low doses of gadopentetate dimeglumine with dynamic 3D MR imaging, signal intensity measurements can be used to estimate whole kidney gadolinium uptake. Extrapolating from radionuclide renography and the results of early studies confirming the suitability of gadopentetate dimeglumine (or Gd-DTPA) as an analog for 99m Tc-DTPA (17), we hypothesized that single kidney function measurements can be made noninvasively on the basis of whole kidney gadopentetate dimeglumine uptake during 2-3 minutes after injection and that this test can be performed as part of a routine contrast material-enhanced MR examination of the kidneys and renal arteries.
The purpose of this study was to evaluate the accuracy of a low-dose 3D MR renographic method for measuring parameters of kidney function, including single kidney GFR and split renal function.
Materials and Methods
We studied nine consecutive patients (four women, five men; mean age Ϯ SD, 62 years Ϯ 17; range, 26 -77 years) who were referred for MR angiography of the renal arteries for suspected renovascular disease and who agreed to undergo both radionuclide and MR renography during the same morning. After providing written informed consent, all patients underwent a protocol approved by our institutional review board.
99m Tc-DTPA Renography
Reference values for single kidney GFR and split renal function were measured for all nine patients by using established 99m Tc-DTPA renography and plasma clearance methods. At the start of the study, a 21-gauge butterfly needle was placed into an arm vein. After an intravenous bolus of 10 mCi (370 MBq) of Tc-DTPA (Tc-99m Pentetate; Mallinckrodt, Hazelwood, Mo) was administered, dynamic planar images were acquired with a large-field-of-view gamma camera and low-energy collimator with a 20% energy window centered at 140 keV. A planar matrix of 128 ϫ 128 pixels was used, with a pixel size of 4.3 mm. One hundred twenty 2-second frames (4 minutes) were acquired, followed by 52 30-second frames, for a total of 30 minutes.
For measurements of global GFR from plasma clearance of 99m Tc-DTPA, venous blood samples were collected at 1 and 3 hours after injection in all subjects from a site separate from that of the radionuclide injection (18) . All samples were centrifuged and underwent ultrafiltration to correct for protein binding of the 99m Tc-DTPA, according to a previously described method (19) . Total GFR measurements were averaged from 1-and 3-hour plasma clearance values.
Split renal function was determined on the basis of background-and attenuation-corrected gamma camera imaging of renal uptake at 2-3 minutes (20) . For attenuation correction, the mean depth of each kidney was determined by one investigator (V.S.L.) using MR images. We found that scintigraphic estimates of split renal function were extremely sensitive to the sizes of the regions of interest drawn around each kidney on gamma camera images. To reduce the variability, we relied on 3D MR imaging to determine the coronal cross-sectional area for each kidney. We used radionuclide renographic images to measure the mean number of counts per pixel for each kidney and normalized this to the size of the kidney as estimated from the MR images; that is, the average number of counts per pixel in the kidney was multiplied by the number of pixels corresponding to the area of the coronal projection of that kidney (as determined with MR) to determine whole kidney scintigraphic counts.
Split renal function is the fractional uptake (expressed as a percentage) by one kidney relative to total uptake by both kidneys, and we present results for right kidney measurements. Single kidney GFR was calculated by multiplying split renal function for each kidney by total GFR, with the latter determined on the basis of 99m Tc-DTPA plasma clearance values. The relative lack of medullary enhancement (black arrowheads) during this phase indicates that the gadolinium-based contrast material has not yet passed into the loops of Henle of the medulla (Fig 1 continues) .
MR Renography
Immediately after the radionuclide examinations, all subjects underwent MR imaging with a 1.5-T system (Magnetom Symphony with Quantum gradients; Siemens, Erlangen, Germany) and a torso phased-array coil. MR renography was performed by using a 3D spoiled gradient-echo sequence: 2.2/0.8 (repetition time msec/echo time msec), flip angle, 9°; matrix, 134 ϫ 256; field of view, 380 mm; 12 (n ϭ 3) or 16 (n ϭ 6) partitions interpolated to 24 or 32, respectively, and 3-mm (n ϭ 6) or 4-mm (n ϭ 3) partition thickness, for a total slab thickness of 96 mm; bandwidth, 720 Hz/pixel; and acquisition time, 3 seconds. With improved interpolation methods, a modified version of the sequence with thinner partitions could be obtained in the same acquisition times and was implemented during the latter portion of this study.
Imaging was performed in the oblique coronal plane, with coverage to include the abdominal aorta and both kidneys. At least five nonenhanced 3D data sets were acquired first. Then, after a 2-mL bolus of gadopentetate dimeglumine (Magnevist; Berlex Laboratories, Wayne, NJ) was injected at 2 mL/sec, followed by 20 mL of saline, 18 3D image sets were acquired at the following times after an 8-second imaging delay after the intravenous injection: 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, 45, 60, 90, 120, 150, 180, 210, and 240 seconds. The initial acquisition was performed 8 seconds after the start of injection to allow for circulation of the intravenously injected contrast material through the venous and pulmonary circulation. Patients were instructed to suspend respiration at end expiration during all 3D acquisitions, with the first breath hold lasting 30 seconds and subsequent breath holds 3 seconds each. Oxygen by nasal cannula was routinely offered to patients before the examination to facilitate breath holding.
In all cases, MR renography was performed in addition to a routine MR evaluation of the renal arteries, which included T1-and T2-weighted imaging of the kidneys and contrast-enhanced 3D MR angiography of the aorta and renal arteries with 22 mL of gadopentetate dimeglumine (approximately 0.1-0.15 mmol/kg of body weight). The timing of the MR angiographic acquisition was based on a modification of the test bolus approach (21, 22) , in which MR renography was used to determine patient circulation time (time from intravenous injection to peak aortic enhancement). MR renography added approximately 8 minutes to the imaging time, and the total examination time was less than 45 minutes. Three-dimensional MR renography was performed successfully in all subjects.
Image Analysis
Three-dimensional registration and segmentation of all images were performed separately for each kidney by two investigators (P.L. and V.S.L.). Left and right kidneys were first spatially aligned with the corresponding initial volume to facilitate later segmentation. To register 3D images, centroids, or centers of gravity of each kidney, were computed on the basis of contours defined around each kidney for all time points. Data sets were then automatically translated to align centers of gravity by using software developed locally (23) . Next, anatomic regions of interest were manually defined for the renal cortex, medulla, and collecting system with the same software. Segmentation was facilitated by the ability to copy and combine regions of interest across registered 3D data volumes. The 3D data set with the greatest cortical-medullary contrast, typically 6 -9 seconds after peak aortic enhancement, was used to define the cortex and medulla. The final 3D images (4 minutes after injection) were used to define contrast-enhanced collecting spaces. For each case, manual registration and segmentation required approximately 2-3 hours at the workstation.
After segmentation, the mean signal intensity for each region of interest at each time point was computed for each coronal section. The most anterior and posterior images that depicted renal parenchyma were not used for analysis because volume-averaging artifacts limited accurate definition of cortical and medullary regions. Even with use of a manufacturer-supplied uniformity correction algorithm, a similar pattern of image nonuniformity was observed across all images at all time points, with the strongest change observed in the anteroposterior direction. We have implemented an approximate correction scheme that is based on the section intensity profile. The profile was derived for all sections containing the kidneys by averaging the signal intensity across segmented renal cortex. To convert measured signal intensities (S) to gadopentetate dimeglumine concentration, we used an approximate conversion: gadopentetate dimeglumine concentration ϭ (S Ϫ S 0 )/S 0 , where S 0 indicates nonenhanced values. On the basis of the S versus T1 relationship for our 3D spoiled gradient-echo sequence, which was determined by using phantom data, there is a monotonic relationship between the normalized ratio and gadopentetate dimeglumine concentrations within the 0 -1-mol/mL range of renal concentrations of gadolinium contrast material encountered in low-dose MR renography (24) .
We applied the Gates scintigraphic method (20) to MR renography to estimate GFR and split renal function. From gadolinium concentration-time curves for whole kidney and renal cortex and medullary regions, we calculated average gadolinium concentrations (in micromoles per milliliter) between 2 and 3 minutes. Absolute gadopentetate dimeglumine uptake values (in micromoles) for each region were then determined by multiplying concentrations by the volumes of tissue in each region. We refer to the average total uptake in renal parenchyma during these times as the single kidney GFR index. The ratio of each 2-3-minute whole kidney uptake value to total uptake (sum of both kidneys) was used to determine MR values for split renal function and was expressed as a percentage.
Statistical Analysis
Using linear regression and correlation coefficients, we compared MR renographic measures of single kidney GFR indices with reference measurements that used 99m Tc-DTPA-based values. For testing the agreement between measurements of split renal function obtained with MR and with radionuclide techniques, we also performed Bland and Altman analysis (25) .
Results
Representative 3D MR renographic images for a single time point and at a single section position across time for one subject are shown in Figure 1 , and representative concentration-time curves for one patient are given in Figure 2 .
Single kidney GFR values obtained by using 99m Tc-DTPA radionuclide renography ranged from 7 to 48 mL/min. Scintigraphic GFR measurements correlated well with MR single kidney GFR index values (r ϭ 0.75, P Ͻ .002, Fig 3) . The relationship between MR and reference scintigraphic values was fitted to the linear regression equation: y ϭ 1.7x ϩ 8.9, where y represents the single kidney MR GFR index (in micromoles of gadopentetate dimeglumine), and x represents the scintigraphic single kidney GFR reference value (in milliliters per minute). A separate analysis was performed by using cortical and medullary average uptake of gadolinium during 2-3 minutes. Correlation for medullary measurements (r ϭ 0.79) was higher than for cortical measurements (r ϭ 0.69), although the difference did not achieve statistical significance (P Ͼ .2).
Split renal function was also compared by using MR and radionuclide renography (Fig 4) . For the nine subjects, split renal functions for the right kidney ranged from 32% to 59% with radionuclide studies. Correlation between split renal function measurements obtained with the two methods was 0.76 (P Ͻ .02). The linear regression equation approached that of identity; y ϭ 1.02x Ϫ 0.02, where y represents the MR right kidney split renal function, and x represents the corresponding radionuclide measurement. Bland and Altman analysis (Fig 5) demonstrated that differences between the MR and radionuclide measurements of split renal function were small (average, 0.8% Ϯ 8). Tc-DTPA clearance and gamma camera split renal function). Measured 3D MR renographic signal intensities were converted to gadolinium (Gd) concentrations. Renal cortical, medullary, and collecting system enhancement curves are plotted along with measurements for the aorta. This case shows typical patterns of enhancement in each intrarenal compartment and illustrates the measurements during 2-3 minutes after injection that were used to compute split renal function and single kidney MR GFR index. 
Discussion
We have developed a 3D MR renographic technique that uses a 2-mL dose (approximately 0.01 mmol/kg of body weight) of gadopentetate dimeglumine to provide noninvasive measurements of single kidney GFR and split renal function. Plasma clearance of gadopentetate dimeglumine, like 99m Tc-DTPA, has been shown to be an accurate measure of GFR (17) . However, plasma clearance methods with either agent require blood samples drawn up to 3 hours after injection (10) and provide only global measures of GFR without individual kidney function. We found good correlation (r ϭ 0.7-0.8) between MR renographic single kidney GFR index values and reference radionuclide measurements of GFR. We found similarly high correlation between MR and radionuclide measurements of split renal function.
To our knowledge, MR renographic measurements of gadolinium uptake that are based on image signal intensities have not been reported for the measurement of single kidney GFR in humans. In a study of 11 pediatric patients examined after administration of an intravenous bolus of gadolinium-based contrast material of 0.035 mmol/kg, Fukuda et al (11) found that the delay in corticomedullaryjunction time (reflecting delayed and diminished medullary enhancement) correlated well with 24-hour creatinine clearance values (r ϭ Ϫ0.63). To date, attempts to quantify parameters of renal function with MR renography have been limited, primarily because of the relatively high doses of gadolinium-based contrast material used for renography (8 -10,12-15) . At doses of 0.1 mmol/kg (approximately 20 mL), the T2* effects of gadopentetate dimeglumine result in decreased rather than increased signal intensity in areas of concentrated contrast material such as the renal medulla (12) . As a result, gadolinium concentrations are no longer simply determinable on the basis of image signal intensities.
An alternative approach to measuring single kidney GFR by using MR imaging was proposed by Dumoulin et al (26) , who calculated GFR by multiplying renal plasma flow (determined with MR phase-contrast imaging) by gadopentetate dimeglumine extraction fraction (calculated by using T1 relaxation measurements of blood in the renal artery or aorta and renal vein or inferior vena cava during steady-state intravenous infusions of gadolinium-based contrast material). Niendorf et al (27) and Coulam et al (28) adapted this approach in pigs and found good correlation with inulin clearance measurements (r ϭ 0.74 -0.89). This method faces several technical challenges, including the effects of volume averaging on flow measurements in small vessels such as the renal artery and vein.
By using an imaging method such as MR or radionuclide renography, an individual kidney GFR index can be measured noninvasively. One advantage of a relatively high spatial resolution 3D MR method over scintigraphy and other clearance measurements is the ability to assess also intrarenal regional function (12) , which may be altered in diseases affecting segmental anatomy, such as fibromuscular dysplasia of the segmental renal arteries. Quantification of contrast material in multiple functional compartments, such as the cortex, medulla, and collecting system, may also be useful for a compartmental analysis of renal physiologic function (29) .
This study has recognized limitations. Although plasma clearance measurements of 99m Tc-DTPA were obtained within 3 hours of the MR renographic study, variability in GFR resulting from different physiologic states at different times could affect the use of this measure as a reference standard. Moreover, the high osmolarity of the MR contrast material, gadopentetate dimeglumine, has a known diuretic effect that could contribute a systematic overestimation of MR renographic measurements. However, the effects are not likely to be large, given that only 2 mL of gadolinium-based contrast material is administered intravenously for renography. Our method of analysis was labor intensive. Automated registration and segmentation techniques are being developed that may be applicable to 3D MR renography (30) . We found our reference scintigraphic measures of renal function to be highly dependent on user- defined regions of interest, especially in atrophic and poorly functioning kidneys, and therefore we relied on MR imaging for more reliable estimates of kidney volumes. Similar observations about limitations of the Gates scintigraphic method (20) have been reported previously (2) . More accurate single kidney GFR reference measurements, such as inulin clearance, require ureteral cannulization, an invasive procedure that would be unacceptable in our clinical environment.
To determine an MR GFR index, we computed the average kidney uptake of gadolinium during 2-3 minutes after injection. We found that this GFR index (units of micromoles) could be converted to single kidney GFR values (in milliliters per minute) according to the fitted line shown in Figure 3 . Validation studies with larger sample sizes are needed to confirm this relationship. Because it relies on gadolinium concentration measurements rather than absolute signal intensity values, the technique should be applicable across different imaging units and in patients of varying body habitus. We estimated gadolinium concentrations on the basis of normalized ratios of signal intensities. With the development of new fast T1-mapping techniques, more precise quantification of gadolinium concentration from images may become feasible (31) .
The low-dose 3D renographic approach enables measurements of renal function to be made in conjunction with conventional contrast-enhanced MR imaging of the kidneys and MR angiography of the renal arteries. The 2-mL dose used for renography did not interfere with subsequent MR angiography performed by using an additional standard dose of 22 mL of gadopentetate dimeglumine (approximately 0.1-0.15 mmol/kg). Moreover, MR renography added only approximately 8 minutes to the total examination time. By combining anatomic imaging and functional renography in a single setting, MR imaging has the potential to improve the diagnosis of renal dysfunction across a spectrum of diseases.
